To investigate the dynamics and relative drivers of cellulose degradation during litter decomposition, a field experiment was conducted in three individual ecosystems (i.e., forest floor, stream, and riparian zone) of an alpine forest meta-ecosystem on the eastern Tibetan Plateau. Four litter species (i.e., willow: Salix paraplesia, azalea: Rhododendron lapponicum, cypress: Sabina saltuaria, and larch: Larix mastersiana) that had varying initial litter chemical traits were placed separately in litterbags and then incubated on the soil surface of forest floor plots or in the water of the stream and riparian zone plots. Litterbags were retrieved five times each year during the two-year experiment, with nine replicates each time for each treatment. The results suggested that foliar litter lost 32.2%-89.2% of the initial dry mass depending on litter species and ecosystem type after two-year's incubation. The cellulose lost 60.1%-96.8% of the initial mass with degradation rate in the order of stream > riparian zone > forest floor. Substantial cellulose degradation occurred at the very beginning (i.e., in the first pre-freezing period) of litter decomposition. Litter initial concentrations of phosphorus (P) and lignin were found to be the dominant chemical traits controlling cellulose degradation regardless of ecosystems type. The local-scale environmental factors such as temperature, pH, and nutrient availability were important moderators of cellulose degradation rate. Although the effects of common litter chemical traits (e.g., P and lignin concentrations) on cellulose degradation across different individual ecosystems were identified, local-scale environmental factors such as temperature and nutrient availability were found to be of great importance for cellulose degradation. These results indicated that local-scale environmental factors should be considered apart from litter quality for generating a reliable predictive framework for the drivers of cellulose degradation and further on litter decomposition at a global scale.
Introduction
Litter decomposition is a key ecological process in forest ecosystems, particularly in cold biomes where large amounts of plant litter accumulate [1] . The decomposition process provides nutrients for plant growth and is a critical step for terrestrial carbon (C) cycling, affecting soil organic matter buildup and controlling carbon dioxide (CO 2 ) fluxes from soils [2, 3] . Cellulose is the most abundant plant-synthesized biopolymer and typically constitutes 20%-30% of the C sequestered in plant litter [4] . Thus, in this respect, the understanding of cellulose degradation during litter decomposition in forest ecosystem is essential for future predictive power of litter decomposition models and terrestrial C cycles. Although intensive research on the subject of cellulose degradation has been carried out for decades [2] , our current understandings on this process are mainly derived from terrestrial ecosystems such as forest floors [5] [6] [7] , and little information is available on the dynamics of cellulose during litter decomposition in aquatic ecosystems (e.g., forest stream and forest fen), where the environmental factors substantially vary from those in terrestrial ecosystems.
Litter decomposition is traditionally thought to be hierarchically controlled by three main factors in the order of climate > litter quality > decomposer [8, 9] , but recent studies found that litter quality, which is usually expressed as litter species, can explain a much higher percent of variation in litter decomposition at both local and global scales [10, 11] . Makkonen et al. suggested that litter decomposition process is driven by a small subset of litter traits, irrespective of the varying local decomposer communities at broad spatial scales [11] . However, more recent studies have proposed that climate and litter quality may not necessarily be the predominant controls on litter decomposition at regional scales, and local-scale environmental factors appear to be much more important than we previously supposed [12, 13] . Environmental factors can have both direct (e.g., temperature, moisture, and nutrient availability) and indirect (e.g., through affecting decomposer community) effects on litter decomposition process [14] . Although litter decomposition in terrestrial and aquatic ecosystems can share some common driving factors such as ambient nutrient availability, decomposer community, and litter quality [11, 15, 16] , several fundamental differences of environmental conditions in aquatic ecosystems can preclude a generalization for litter decomposition patterns. These include the buffered temperature ranges, unlimited water availability, and limiting oxygen levels in aquatic ecosystems [17] . Even in aquatic ecosystems, some factors can vary between lotic (e.g., forest stream) and stagnant (e.g., forest fen) waters, such as the abrasion induced by sediment transport [17] and continuous nutrient supply from upstream in streams [18] . However, previous studies have focused mainly on litter mass loss or decomposition rate in terrestrial or aquatic ecosystem separately, and whether these substantially varying local-scale environmental factors among different types of ecosystems will differently moderate the process of cellulose degradation during litter decomposition is still elusive.
In a forest meta-ecosystem, which is defined here as a set of individual ecosystems connected by subsidies such as spatial flows of energy, materials, and organisms across the boundaries [19] , low-order streams are widely distributed and play fundamental roles in the cycles of C and nutrients [20, 21] . Streams are detrital-based, with plant litter, particularly foliar litter, being a predominant component of stream food webs and ecosystem functioning in forest systems [22, 23] . Likewise, forest riparian zones, which are usually small size wetlands, are also an important component of the forest systems. Forest riparian zones are commonly transitional zones that low-order streams feed, playing a key role in connecting the forest land and higher-order streams or forest river [24] . As plant litter is one of the most important subsidies, elucidating the dynamics of cellulose during litter decomposition in the individual ecosystems within a forest meta-ecosystem would be useful for understanding the similarities/differences of this process between terrestrial and aquatic ecosystems. Such knowledge may also useful for revealing the underlying mechanics of the connections among individual ecosystems of the forest meta-ecosystem. The objective of this study was to assess if and how the ecosystem type and litter quality (i.e., litter species) drive the degradation of cellulose, which is one of the main components of litter, at different stages of the foliar litter decomposition process.
To do so, a two-year field litter decomposition experiment was conducted in an alpine forest meta-ecosystem on the eastern Tibetan Plateau, where large amounts of plant litter accumulate and frequent freeze-thaw events are common in winter [25] . We measured the remaining cellulose masses, cellulose concentrations, and degradation rates in the decomposing foliar litters of four species, which differed widely in initial chemical traits, from the dominant species of willow (Salix paraplesia), azalea (Rhododendron lapponicum), cypress (Sabina saltuaria), and larch (Larix mastersiana) incubated in forest floors, streams, and riparian zones. We hypothesized that (1) cellulose is degraded at varying rates in different ecosystems in the order of streams > riparian > forest floor; and (2) the degradation rate of cellulose will be controlled by the same hierarchy of factors (i.e., litter species and local-scale environmental factors) across ecosystem types.
Materials and Methods

Study Area
We conducted the experiment in the Long-term Research Station of Alpine Forest Ecosystems, which is located in the Miyaluo Nature Reserve (31 • 14'-31 • 19' N, 102 • 53'-102 • 57' E, 2458-4619 m above the sea level), southwestern China. This region is a transitional reserve area along the upper reaches of the Yangtze River, and is a typical winter-cold zone regularly exposed to subfreezing temperature. The mean annual temperature is approximately 3 • C ranging from −18 • C to 23 • C, and the annual precipitation is approximately 850 mm. Details about the study area such as vegetation and soil were described elsewhere [6, 26] .
Experimental Design and Litterbag Incubation
We established three plots (25 m × 25 m), which were at least 1 km from each other, on the forest floor in the study area (31 Freshly fallen foliar litters from four dominant woody species (i.e., willow, azalea, cypress, and larch) were collected between 5 and 8 October 2013. The collected foliar litter was first air dried to constant weight, and then a mass of the air-dried foliar litter equivalent to 10.0 g of oven-dried was weighed and placed into 20 cm × 20 cm litterbags (0.5 mm mesh size) for each litter species. To calculate a moisture correction factor between air-dried and oven-dried samples, subsamples of the air-dried litter (10.0 g with nine replicates) for each species were oven dried at 65 • C to a constant weight to determine the moisture content. In total, 1080 litterbags (4 litter species × 3 plots × 3 replicates × 10 sampling events × 3 ecosystem types) were constructed, and were placed in the established plots on 13 November 2013. Litterbags were first tied to ropes and then placed in the stream and riparian zone plots, and the ropes were fastened with stainless steel rods encased by polyvinyl chloride tubes. Litterbags were directly placed on the soil surface of the forest floor plots.
To quantify the temporal dynamics of cellulose degradation and its relationship with the local-scale environmental factors in each individual ecosystem, we designated a whole year into five periods (i.e., the pre-freezing period, the freezing period, the thawing period, the growing season, and the late growing season) according to Olsson et al. [27] and our previous studies [25, 28] . Details about the criteria for period division have been described elsewhere [29, 30] . Litterbags were retrieved successively at the end of each designated period, i.e., after 40, 107, 162, 264, 365, 399, 484, 528, 631, and 732 days of field incubation.
Local-Scale Environmental Factors
Temperature dynamics during litter decomposition process in each individual ecosystem were monitored using DS 1923-F5 iButton loggers (Maxim Integrated Products Inc., San Gabriel Drive Sunnyvale, CA, USA), which were placed in one litterbag for each ecosystem type. The temperatures were measured every 2 h. For determining soil characteristics in the forest floor plots, we randomly took three soil cores (5 cm × ø10 cm, the organic layer) within each plot at each sampling event. Soil samples were sieved for determining pH and the concentrations of total organic C, nitrogen (N), and phosphorus (P). Carbon concentration was determined using dichromate oxidation method, N concentration using the Kjeldahl method, and P concentration using the phosphomolybdenum yellow spectrophotometry method [25] . For determining water characteristics in the stream and riparian zone plots, we tested the pH (pH 320, WTW GmbH, Weilheim, Germany) and flow velocity (Martin Marten Z30, Current-meter, Barcelona, Spain) at each sampling event in situ. Meanwhile, water samples with three replicates from each plot were collected using polyethylene bottles and transported to laboratory for further analysis. Water samples were first filtered (GF/F glass fiber filter with 0.7-µm retention; Whatman International, Florham Park, NJ, USA) upon arrival at the laboratory, and the filtered samples were then used for determination of the concentrations of bicarbonate (HCO 3 − ), phosphate (PO 4 3− ), nitrate (NO 3 − ), and ammonium (NH 4 + ) using the double indicator-neutralization method, molybdate method, capillary ion electrophoresis, and indophenols blue method, respectively [31] . The means of these variables across the two-year experiment are presented in Table 1 , and the temporal dynamics of these variables have been shown elsewhere [28] . Table 1 . Mean values for the characteristics of the local-scale environmental variables in the three types of studied ecosystems during the two-year experiment. 
Ecosystem Variable
DAT ( • C) C (g/kg) N (g/kg) P (g/kg) pH Forest floor 2.0 (5.2) 126 (26) 5.8 (1.1) 1.2 (0.2) 6.6 (0.1) DAT ( • C) HCO 3 − (mg/L) NH 4 + (mg/L) NO 3 − (mg/L) PO 4 3− (µg/L) pH FV (m/s)
Measurements of Litter Initial Traits and Cellulose Degradation
For litter initial chemical traits, we determined the concentrations of total organic C, total N, total P, cellulose, and lignin ( Table 2 ). The concentrations of C, N, and P were tested using the methods similar to those for the soil, and cellulose and lignin concentrations were analyzed using the widely used acid detergent solution method, which has been described in detail elsewhere [32, 33] . Upon litterbag retrieval at each sampling event, litter materials were gently rinsed with deionized water for removing soil particles and animal feces, and then dried at 65 • C to constant mass and weighed. The weighed litter material was ground to fine powder with a ball mill of 0.3 mm mesh, and the powder was then used to determine cellulose concentration. The remaining cellulose mass (R c ) was calculated as follows: 4, 5, 6, 7, 8, 9, 10) where C t is the cellulose concentration in remaining litter at sampling time t, and M t is the mass of remaining litter (g) at sampling time t. Cellulose degradation rate (percent initial mass per month, %/month) for each period was calculated as follows: 5, 6, 7, 8, 9, 10) where M t−1 and M t are the remaining litter dry mass at the sampling times of t − 1 and t, respectively; C t−1 and C t represent cellulose concentration (%) at the sampling times of t − 1 and t, respectively; M 0 and C 0 are the initial dry mass and cellulose concentration; and ∆T t is the decomposition time in months between the sampling times of t−1 and t. Values represent means with standard deviations in parentheses (n = 9). Different lowercase letters in the same column indicate significant (p < 0.05) differences among different litter species for a given variable.
Statistical Analyses
A repeated-measure general linear model (GLM) was used to test the individual and interactive effects of ecosystem type, litter species, and decomposition period on cellulose degradation rate across the two-year experiment. To determine the differences in litter initial chemical traits among different litter species, litter mass loss and cellulose mass remaining between each ecosystem type, and cellulose concentration and degradation rate among different decomposition periods, we used one-way ANOVAs to explicitly evaluate the effects of litter species, ecosystem type and decomposition period. When ANOVA results were significant at the 0.05 level, Tukey's HSD test was used to assess the differences among averages. A stepwise regression analysis was conducted to test the relationship between litter initial chemical traits and cellulose degradation rate, and univariate regression analyses with cellulose degradation rate as a response variable and local-scale environmental factors as predictor variables were conducted. We tested for homoscedasticity, normality of residuals, and independence of errors to assess whether our data met the assumptions of analysis. The statistical analyses were performed using the SPSS software package version 18.0 (SPSS Inc., Chicago, IL, USA) for Microsoft Windows.
Results
Litter Mass Loss and Cellulose Mass Remaining
At the end of the experiment, foliar litter had lost 32.2%-89.2% of the initial dry mass depending on litter species and ecosystem type, and litter mass loss for a specific litter species varied significantly among different ecosystems, with an order of stream > riparian zone > forest floor (Figure 1) . Overall, cellulose absolute mass in the decomposing foliar litter showed a consistent decrease pattern over time regardless of litter species and ecosystem type (Figure 1 ). After two years' degradation, cellulose had lost 60.1%-96.8% of the initial mass, decreasing from 2.0 g to 0.1 g depending on litter species and ecosystem type. Cellulose mass remaining was the lowest in streams for a comparable period, while the remaining mass was very similar in the riparian zone and forest floor plots. For a specific ecosystem type, cellulose was degraded much faster in willow and cypress litters, with lower remaining mass than in azalea and larch litters after two years' degradation. 
Cellulose Concentration
Cellulose concentration showed a general trend of decrease over time, but differed among different litter species and ecosystem types (Figure 2 ). For a specific litter species, cellulose concentration was the lowest in the litter incubated in streams followed by riparian zones and forest floors over two years' degradation. For a specific ecosystem type, changes in cellulose concentration were the largest in willow litter followed by cypress and azalea litter, and the lowest in larch litter. Moreover, cellulose concentration showed significant (p < 0.05) variations among different decomposition periods for a specific litter species incubated in a specific ecosystem type. 
Cellulose Degradation Rate
As revealed by the repeated-measure GLM, cellulose degradation rate was significantly (p < 0.001) affected by both the individual and interactive effects of litter species, ecosystem type, and decomposition period (Table 3) . Although the cellulose degradation rate varied significantly among different decomposition periods, a very high degradation rate was observed in the first pre-freezing period regardless of litter species and ecosystem type (Figure 3) , indicating a substantial cellulose degradation in the early stage of litter decomposition. For a specific litter species, cellulose degradation rates were usually higher in streams and riparian zones than on forest floors for a comparable period. The stepwise regression analysis suggested that cellulose degradation rate was closely correlated with litter initial chemical traits, and was mainly controlled by initial concentrations of P and lignin as well as N/P ratio (Table 4) . Moreover, local-scale environmental factors such as temperature in riparian zones and forest floors, soil N and P concentrations in forest floor plots, and water nutrient availability in streams and riparian zones can have significant influences on cellulose degradation rate (Table 5 ). 
Discussion
In accordance with our hypotheses, both cellulose mass and concentration showed consistent decrease patterns during the two-year experiment regardless of litter species and ecosystem type, and cellulose degradation rate was significantly (p < 0.001) affected by litter species, ecosystem type, decomposition period, and their interactions, with a general trend for the degradation rate in the order of stream > riparian zone > forest. Litter decomposition is a complex biological process that is strongly affected by litter initial quality (i.e., litter chemical traits) [2] . The important role of litter quality for the process of litter decomposition has long been recognized [8] , and was recently found to be much more significant than we previously thought both in terrestrial [10, 11] and aquatic [34] ecosystems. The degradation of cellulose in decomposing litter is usually thought to be mainly driven by numerous species of microorganisms, including both bacteria and fungi, which rely on extracellular enzymes either secreted into their immediate surroundings or located on the cell surface [2] . Microbial community and activity are closely related to labile plant constituents and nutrients that could be utilized more efficiently by microbes [35] . The availability of relatively abundant soluble nutrients in decomposing litter at the early decomposition stage can support a rich microbial community, accelerating the degradation of cellulose. This may be a possible mechanism for the high degradation rate observed in the first pre-freezing period in the present study (Figure 3) .
On the other hand, as cellulose is usually shaded by lignin in plant litter, the degradation of cellulose can be significantly affected by lignin concentration [36] . A recent study found that a certain proportion of lignin can be degraded on the early stage of litter decomposition, and such degradation is controlled by the availability of easily decomposable carbon sources [37] . If lignin degradation Figure 3 . Dynamics of cellulose degradation rate (percent initial mass per month, %/month) in decomposing foliar litter of (a) willow; (b) azalea; (c) cypress; and (d) larch in different ecosystem types during the two-year experiment (mean ± SD, n = 9). Different lowercase letters indicate statistically significant (p < 0.05) differences of cellulose degradation rate among different decomposition periods for a given litter species in a specific type of ecosystem. IV: initial value; PP: pre-freezing period; FP: freezing period; TP: thawing period; GS: growing season; LGS: late growing season; 1: the first year; 2: the second year. Table 3 . The effects of litter species, ecosystem type, decomposition period, and their interaction on cellulose degradation rate (%/month) during foliar litter decomposition which were tested by a repeated-measure general linear model. Table 4 . Regression model of the stepwise regression analysis between cellulose degradation rate (%/month) during two years and foliar litter initial chemical traits.
Ecosystem Regression Model
Step 1
Step 2
Step 3
Step Data in parentheses represent the coefficient of determination (R 2 ) at each step; P: total phosphorus; C: total organic carbon; N/P: nitrogen to phosphorus ratio; n = 36. DAT: daily average temperature; C: soil total organic carbon; N: soil total nitrogen; P: soil total phosphorus; FV: flow velocity; significantly positive and negative correlations are indicated by (+) and (−) respectively; n = 90, * p < 0.05, ** p < 0.01, *** p < 0.001.
Discussion
On the other hand, as cellulose is usually shaded by lignin in plant litter, the degradation of cellulose can be significantly affected by lignin concentration [36] . A recent study found that a certain proportion of lignin can be degraded on the early stage of litter decomposition, and such degradation is controlled by the availability of easily decomposable carbon sources [37] . If lignin degradation occurs in the initial phase of litter decomposition when easily decomposable carbon sources are abundant, the lignin-shaded cellulose would be much easier to be attacked by microbial decomposers, thus high cellulose degradation is likely in the early decomposition stage. This was confirmed by the results of our analysis that a significant (p < 0.05) negative relationship was observed between cellulose degradation rate and lignin concentration (Table 4) . It is, therefore, easy to understand that a litter species with lower lignin concentration showed higher cellulose degradation rate within a specific ecosystem type. Moreover, cellulose degradation rate was found to be significantly moderated by litter initial P concentration, which can explain up to 64.4%-74.8% of the variation depending on ecosystem types (Table 4 ). This may be attributed to the fact that P is an important nutrient for microorganisms and the enzymes related to cellulose degradation [38] . Apart from the influences of litter quality on cellulose degradation, ecosystem type, and decomposition period, which were expressed as local-scale environment factors in the present study, appeared to be of significance as well.
While a large amount of research has investigated the effects of climate and litter quality on litter decomposition in terrestrial ecosystems [2, 16] or in aquatic ecosystems [15, 34] independently, only few studies [39, 40] have investigated this process in a common litter decomposition framework, e.g., in a forest meta-ecosystem. Some common drivers, both biotic and abiotic factors, on litter C and N loss [39] have been found across different ecosystem types. Still, to develop common models across aquatic and terrestrial ecosystem or even within one ecosystem type at a broad spatial scale is still challenging, as local-scale environmental factors appear to be much more significant for litter decomposition process than we previously thought [12, 34] . For instance, although we found that the concentrations of P and lignin were the dominant litter chemical traits affecting cellulose degradation regardless of ecosystem type, cellulose degradation rate for a specific litter species varied significantly among different ecosystems and decomposition periods, indicating the importance of environmental factors for this process. The effects of within-site litter trait variation are usually thought to be larger than between-site variation across both local and large spatial scales [10, 11] , but we instead found that ecosystem type and decomposition period had higher effects on cellulose degradation than litter traits (Table 3 ). This may be attributed to the fact that the local-scale environmental factors can vary significantly among different ecosystem types during different decomposition periods. For example, in streams, the buffered water temperature in winter and the constant water flow and continuous nutrient supply from upstream sources can sustain microbial communities related to cellulose degradation over the entire year [15, 18] . Thus, cellulose in decomposing litter incubated in streams had a higher degradation rate than in other ecosystems, showing an order of stream > riparian zone > forest floor. These results were in accordance with litter mass loss, which showed similar mass-loss pattern to cellulose degradation.
Likewise, the fluctuating environmental factors during different decomposition periods can also greatly affect cellulose degradation rate. Temperature in both forest floor and riparian zone can vary strongly with the seasonal dynamics and freeze-thaw cycles, while it is buffered in the streams, thus the temperatures in the forest floors and riparian zones significantly, but negatively, influenced cellulose degradation rate (Table 5 ). The negative effect on temperature showed during litter decomposition may be attributed to the fact that more recalcitrant material is formed at higher temperatures [41, 42] . Ecosystem pH typically reflects basic lithology and background biogeochemistry [17] , its effect on cellulose degradation in decomposing litter appeared to be consistent in all the investigated individual ecosystems. In addition, nutrient availability in the environment was also an important moderator of cellulose degradation, as it is directly related to the community and activity of microorganisms that degrade cellulose during litter decomposition [34, 43] . However, the relative importance for different nutrients varied depending on litter species and ecosystem type.
Conclusions
Foliar litter lost 32.2%-89.2% of its initial dry mass depending on litter species and ecosystem type, and litter mass loss for a specific litter species varied significantly among different ecosystems. Cellulose degradation was significantly (p < 0.001) affected by litter initial chemical traits (litter quality), ecosystem type, decomposition period, and their interactions. Specifically, both cellulose mass and concentration showed general trends of decrease during the two-year experiment, with a degradation rate in the order of stream > riparian zone > forest floor. Cellulose degradation rate was the highest in the first pre-freezing period regardless of ecosystem type and litter species, indicating substantial cellulose loss in the early phase of litter decomposition. Litter initial concentrations of P and lignin were found to be the dominant chemical traits controlling cellulose degradation regardless of ecosystems type. Local-scale environmental factors such as temperature, pH and nutrient availability were important moderators of cellulose degradation rate. Our results indicated that the identification of common litter chemical traits (e.g., P and lignin concentrations) on cellulose degradation in both terrestrial and aquatic ecosystems may be useful for generating a reliable predictive framework for the effects of litter quality on cellulose degradation at a global scale. However, the complexity of local-scale environmental factors such as temperature and nutrient availability in different types of ecosystems should also be considered in addition to litter quality, as the present study has shown that these factors are even more important in the present study. Moreover, the significance of microbial community and activity on cellulose degradation during litter decomposition in different types of ecosystems should be paid more attention in further investigations and modeling studies.
